A technique is examined for determining amino groups with 2,4,6-trinitrobenzenesulphonic acid, in which the extinction at 420nm of sulphite complexes of the trinitrophenylated amino groups is measured. The sensitivity of the method is 5-200nmol of amino group. The method is especially suitable for checking the extent of blocking or unblocking of amino groups in proteins and peptides, owing to the short time required for reaction (5min at room temperature).
Since Okuyama proposed the use of TNP-sulphonic acid* as a reagent specific for primary amino groups several techniques have been described for determining amino groups or for studying the rate of reaction of TNP-sulphonic acid with amino groups in proteins (Satake, Okuyama, Ohashi & Shinoda, 1960; Habeeb, 1966; Goldfarb, 1966a; Freedman & Radda, 1968) . Ribonuclease T1 (EC 2.7.7.26), which has two amino groups, one of which may be selectively removed (Fields & Dixon, 1971) was initially used as a substrate to investigate whether complete reaction of TNPsulphonic acid could be achieved within 5-10min that would also permit kinetic analysis to be made. The study was then extended to try to define more clearly the use of TNP-sulphonic acid as a reagent for mapping areas of nucleophilic reactivity in enzymes. The procedure that was devised with ribonuclease T, for following reaction rates was altered to make it convenient as a general method for determining amino groups. Both procedures make use of the phenomenon observed by Goldfarb (1966a) of the reversible association of sulphite with TNP-amino groups to form complexes which have an absorption maximum near 420nm. As this wavelength is removed from the region of absorption of TNPsulphonic acid a high concentration of reagent may be used, with consequent shortening of the time required for reaction. The reaction is carried out in borate buffer at pH 9.5. At this pH TNPsulphonic acid reacts with hydroxyl ions to give a * Abbreviation: 2, 4, blank extinction. This side reaction is stopped by lowering the pH to neutrality after the amino groups have been trinitrophenylated (procedure 1; see the Materials and Methods section) or, if the rate of reaction of TNP-sulphonic acid with a sample is being studied, the blank extinction is continuously subtracted, by using a split-beam recording spectrophotometer (procedure 2).
MATERIALS AND METHODS
Reagent8. TNP-sulphonic acid was obtained from BDH Chemicals Ltd., Poole, Dorset, U.K., and from Eastman Kodak Ltd., Kirkby, Liverpool, U.K. The quality of individual samples varied and, with one exception, required further purification before use. Samples of the tetrahydrate (BDH Chemicals Ltd.) or of the trihydrate (Eastman Kodak Ltd.) were dissolved in 1 part of water (w/w) by heating, and AnalaR HCI (sp.gr. 1.18) was then added to about 2M. The solid that crystallized out on cooling was washed on the filter with cold 1 m-HCI before drying in a desiccator. The appearance of the dry reagent was flaky and white, resembling the trihydrate, and was unlike the large transparent yellow crystals of the tetrahydrate. A molecular weight of 347.2 was assumed. When sufficiently pure, TNP-sulphonic acid was found to have 6340 not greater than 600M-1.cm-1.
TNP-glycylglycine was prepared by treating a slight excess of glycylglycine with TNP-sulphonic acid in methanolic bicarbonate buffer. After 24 h the mixture was acidified, dried by rotary evaporation, and the residue extracted with ethyl acetate. The product was recrystallized from aqueous methanol. A solution of NI-acetyl-Llysine amide was a gift from Dr I. Gibbons and a sample of Na-acetyl-L-lysine was a gift from Dr H. B. F. Dixon. All other amino acids and their derivatives were of analytical grade and were used without further purification. Buffers and reagent solutions were made up in twice-distilled water that had been passed through a Permutit deionizer.
Proteins. Ribonuclease T, was prepared from Taka Diastase by chromatography on DEAE-cellulose in a solution of 0.12 M-Na2HPO4-0.08 M-NaH2PO4 (Fields, Dixon, Law & Yui, 1971) . Samples were transaminated by incubation for 30 min in a solution of 2 M-sodium acetate in 0.4 M-acetic acid that contained 0.1 M-glyoxylate and 10mM-cupric sulphate (Dixon, 1967) . Ribonuclease Ts, so treated, showed one reactive carbonyl group per molecule, as determined with 2,4-dinitrophenylhydrazine (Fields & Dixon, 1971) , and was more retarded on DEAEcellulose chromatography than the native enzyme.
Samples of ribonuclease T, and of transaminated ribonuclease T, were concentrated from the chromatographic buffer and gel-filtered into water, before allowing them to react with TNP-sulphonic acid. Ribonuclease A (EC 2.7.7.16) was prepared from Grade III pancreatic ribonuclease obtained from Miles-Seravac (Pty.) Ltd., Maidenhead, Berks., U.K., by chromatography on a column of CM-cellulose in 0.56M-acetate buffer, pH4.7. The main component, which emerged at 3 bed volumes, was concentrated and desalted by adsorption on to the acid form of CM-cellulose, followed by displacement with 25% (v/v) (Sela & Anfinsen, 1957) .
Standardization of su1phite 8olutions. As it was not possible to stabilize sulphite solutions by adding EDTA (Cecil & McPhee, 1955) all solutions were made up in deionized, twice-distilled water. The stability of sulphite solutions was checked by using 5,5'-dithiobis-(2-nitrobenzoic acid) and the procedure devised by Ellman (1959) for the determination ofthiol groups. Sulphite ion is known to cleave disulphides (Clarke, 1932) and solutions ofit were found to react quantitatively with Ellman's reagent in under 3min (see Humphrey, Ward & Hinze, 1970) . As a standard curve was linear over the concentration range used, a molar extinction of 13600M-l.cm-1 at 412nm for the anion was assumed (Ellman, 1959) . A stock solution of 0.1 M-Na2SO3 was observed to decrease in concentration by about 10% in 24h and by 3-5% daily thereafter.
Effect of sulphite on the extinction of TNP-glycylglycine and TNP-sulphonic acid. Goldfarb (1966a) Fig. 1 shows the extinctions of these solutions at 340nm and at 420 nm. It was observed that solutions of TNP-sulphonic acid and Na2SO3, when concentrated, possessed a crimson colour at alkaline pH. This was found to be associated with the appearance of a new extinction maximum at 490 nm. Since the crimson colour disappeared on acidification or dilution, it was assumed that this colour arose from the formation of a complex between sulphite and TNP-sulphonic acid, analogous to that formed with TNP-amino acids. Fig. 1 shows the increase in extinction at 420nm that occurs in a solution of 10 mM-TNPsulphonic acid as the concentration of sulphite is increased.
Preparation of the TNP-sulphonic acid solution and buffers. (1) TNP-sulphonic acid. A 1.8 M-solution of TNP-sulphonic acid was prepared by accurately weighing 100-500mg of TNP-sulphonic acid and adding 0.1 ml of deionized water for each 100 mg of reagent. The crystals were dissolved by gentle warming and the pale-yellow solution was kept stoppered. Picric acid, which absorbs at 420 nm in the presence of sulphite, is slowly formed in this solution, but solutions that were stored frozen were used daily for a week without great deterioration. (2) Buffers. A solution of 0.1 m-Na2B407 in 0.1 M-NaOH was used for carrying out the trinitrophenylations. The reaction was stopped by adding 0.1M-NaH2PO4, which contained approx. 1.5mM-Na2SO3 to increase the extinction of the TNP-amino groups that were formed (Fig. 2 ). This solution was made up daily by adding 1.5-2ml of O.1M-Na2SO3 stock solution to 100 ml of O.1M-NaH2PO4, the actual sulphite concentration being checked afterwards, if necessary by the Ellman procedure. The concentration of sulphite in the 0.1 M-phosphate solution was never found to decrease by more than 20% in 8 h; hence the effect of this decrease on the assay of TNP-amino groups was negligible (Fig. 2) . A final concentration of 45,uM-lysine or 180,eM-N-acetyl-L-cysteine reacted with 36 mM-TNP-sulphonic acid. The reactions were stopped after 5min by adding 2.0 ml of 0.1 M-NaH2PO4 to which had been added an amount of Na2SO3 to give the final concentrations shown. Sulphite concentration was determined in each case by using 5,5'-dithiobis-(2-nitrobenzoic acid). 0, E420 of solutions that contained L-lysine, minus the extinction of a blank incubated under the same conditions; *, F420 of solutions that contained N-acetyl-L-cysteine, minus blank extinction; 0, E420 of blank solutions.
is made up to 1.Oml. Then, 20,ul of 1.8M-TNP-sulphonic acid solution is added and the solution rapidly mixed. After 5.0min the reaction is stopped by adding 2.0ml of O.1M-NaH2PO4 that contains 1.5mM-sulphite and the extinction at 420nm is determined. A blank is also prepared. When multiple determinations are made, it is convenient to add TNP-sulphonic acid by microsyringe to successive samples at 15s intervals, mixing the contents of the tubes between additions. The reactions are stopped after 5 min in the same order at 15s intervals, by adding the phosphate solution from a repeating 2.0 ml pipette. Table 1 shows the molar extinctions of compounds determined by this procedure. Procedure 2. Determination of the rate of reaction of TNP-sulphonic acid with amino group8. To a solution of amino groups (2.0ml) in 0.05M-Na2B4O7 in 0.5M-NaOH in a cuvette of lem light-path length is added 20,ul of O.1M-Na2SO3; this addition is also made to a cuvette containing 2.0ml of buffer. Then, 20,ul of 1.8M-TNPsulphonic acid solution is added to each cuvette. The solutions are rapidly mixed by inversion and placed in the sample and reference compartments of a split-beam recording spectrophotometer, and the differences in extinction at 420 nm are recorded. Fig. 3 shows curves that were produced on a Beckman DK 2 spectrophotometer from the reaction of TNP-sulphonic acid with ribonuclease T, and with transaminated ribonuclease TI. Table 2 shows the rate of reaction of the reagent with various compounds, determined from curves produced in this way.
Analysis of the curves. When the reaction has stopped (as evidenced by no further increase in extinction) the Table 1 . Molar extinction coefficients at 420nm, determined by procedure 1 Values for constituent a-and E-amino groups were estimated by using procedure 2 as described in the text.
Substance These difference values were plotted semilogarithmically; if they were in a straight line, the two lines were taken to represent constituent reactions, and the intercept of each line with the y-axis permitted the molar extinction of each amino group to be determined.
If the second set of values deviated from a straight line, the first line was redrawn, and the procedure repeated until two straight lines were obtained (Figs. 4 and 5) . Ifthe second set ofvalues could not be made to fit a straight line, its final slope was extrapolated to the y-axis and values of AEfina. -AEt were subtracted from corresponding values in the second curve. These difference values were then plotted as before.
Reaction of TNP-sulphonic acid with L-cysteine and N-acetyl-L-cysteine. Owing to the rapid rate of reaction of TNP-sulphonic acid with thiol groups (Table 2) TNPsulphonic acid was diluted 200-fold before use; only the initial portions of the curves, which obeyed pseudo-firstorder rate laws, were plotted as log (AEfInal-AE,). The TNP-thiol-sulphite complex was found to have an extinction maximum at 455 nm; its molar extinction at 420 nm is shown in Table 1 , as this wavelength is relevant to the assay.
RESULTS AND DISCUSSION
Assay. Procedure 1. The slowest reacting amino groups studied by procedure 2 possessed half-lives in the range 50-84s ( Table 2) . As the concentration of TNP-sulphonic acid used in procedure 1 is twice that used for making these determinations, the slowest reacting group found, namely the Eamino group oflysine, would be expected to undergo more than 99 % reaction in 5min. Still, in some circumstances it may be desirable to extend the incubation period to 10 or 20 min. This can be done without greatly affecting the accuracy of the assay as the blank extinction at 420nm increases linearly at a rate of about 0.018/min. Fig. 2 shows that the extinction of blanks increases as sulphite is added and increases rapidly when the concentration is greater than 3-5mm. This increase is due to the formation of TNP-sulphonic acid-sulphite complexes (Fig. 1) . The pink colour imparted to blank solutions by mM-sulphite is a convenient indication that the concentration of sulphite is adequate.
Procedure 2. The blank extinction at pH9.5 is stimulated markedly by light. An initial rate of 0.040/min for procedure 2 was observed in the Beckman DK 2 spectrophotometer used in this study. This light-induced increase in extinction is greater at the beginning of the reaction than later on; nevertheless its course is reproducible and differences in extinction between two blank solutions in 0.5h are usually small. The solution of 1.8M-TNP-sulphonic acid was carefully added to the bottom of both blank and sample cuvettes, before mixing, with the same microsyringe to minimize differences in the blank rate. Both solutions were then mixed simultaneously and placed in the instrunent, or the sample solution was mixed seconds after the blank. The solution of 1.8M-TNP-sulphonic acid is viscous, and requires vigorous mixing by inversion of the cuvette to effect complete dispersion.
The E420 values of TNP-amino group-sulphite Table 2 . Rate of reaction of TNP-sulphonic acid with various compounds
The rate was determined by procedure 2 (18 mM-TNP-sulphonic acid, 1 mM-Na2SO3, 50mM-borate buffer, pH 9.5). Reaction of TNP-sulphonic acid with thiol groups. At pH 9.5 the reaction of TNP-sulphonic acid with the ac-amino group of L-Cysteine was 25-fold faster than with that of S-carboxymethyl-L-cysteine (Table 2 ). This rate of reaction, which is nearly equal to that with the thiol group of N-acetyl-Lcysteine, suggests a rapid intramolecular S to N transfer of the TNP group. Kotaki, Harada & Yagi (1964) reported the rearrangement of S-TNPcysteine to N-TNP-cysteine at neutral pH, and the transfer of DNP groups from S to N is well known (Hausmann, Weisiger & Craig, 1955; Burchfield, 1958; Wallenfels & Streffer, 1966) .
As there was no noticeable enhancement of the rate of reaction of TNP-sulphonic acid with 25,uM- Tables 1 and 2. reagent. The extinction of a TNP-thiol group in lmM-sulphite is approx. 12% of that of a TNP-Eamino group (Table 1) . Gibbons & Perham (1970) , using the method of Habeeb (1966) , reported on E335 of TNP-thiol groups of approx. 50% that of TNP-amino groups. Reaction of TNP-sulphonic acid with amino group8. The order of reactivity of the small-molecular-weight amines studied follows in a general way the basicity of the amino group towards protons ( Fig. 6 ; see also Freedman & Radda, 1968) . The mechanism of nucleophilic displacement in nitroactivated aromatic systems is as yet incompletely understood, and several structures for intermediates have been proposed (for reviews see Bunnett & Zahler, 1951; Buncel, Norris & Russell, 1968) . The scatter of points shown in Fig. 6 emphasizes that these reactions are sensitive to other effects, e.g. steric, that influence the rate. The variation in the rate of reaction versus pH of some amino acids and derivatives fits the expected titration curve of the amino group fairly well but a marked exception is the continued increase in rate with rising pH in the case of aniline, even at pH values four units or more above its pK (Fig. 7) . Goldfarb (1966a,b) noted that a simple mechanism based solely on the 5a86) reaction between TNP-sulphonic acid and a free amino group could not be used exclusively to explain the rates he found with glycine, di-and triglycine, or with c-amino groups in proteins. The intrinsic reactivities shown in Fig. 6 were calculated, however, by making such a simplifying assumption, since the deviation of experimental points from the theoretical curve for amino acid derivatives near pH 9.5 did not seem to be great (Figs. 7a and 7b) .
The unexpectedly small molar extinction of the sulphite complex of bis-TNP-lysine (Table 1) suggests the possibility of considerable interaction between the two TNP groups. When sulphite complexes of bis-TNP-lysine and of TNP-leucine were formed in solutions containing 10 or 50% (v/v) ethylene glycol no change in molar extinction was observed; the interaction seems therefore not to be due to unspecific effects of the medium. The interpretation of the apparent reaction rate of lysine with TNP-sulphonic acid is discussed in the section below.
The experimental curve of the reaction of glycyl-L-lysine with TNP-sulphonic acid could be resolved readily into two pseudo-first-order contributions with molar extinctions of about 22 000 and 19200M-l-cm-1. The pK for an amino group associated with each of these reactions could be estimated by analysing the curves produced at several pH values. The results are shown in Fig.  7(b) .
The accuracy of such an analysis was tested by comparing the reaction rate of transaminated ribonuclease T1 with that of the native enzyme;
only the E-amino group of lysine-41 is available for reaction in the transaminated derivative. Fig. 4 shows that when the curve representing log amino groups remaining of transaminated ribonuclease T, (curve 2) is subtracted from that of native ribonuclease T1 (curve 1), the difference is a curve that is pseudo-first order. It was possible to obtain the same result from curve (1) alone within a few minutes by the trial and error method described in the Materials and Methods section.
The C420 value found for insulin (Table 1) is close to that expected for one c-and two ac-amino groups. The finding of eight amino groups (Tables 1 and 2) for ribonuclease A agrees with the results obtained by Freedman & Radda (1968) . Ribonuclease A is known to possess a binding site for a single bivalent anion that is thought to be near the active site (Kartha, Bello & Harker, 1967 Precautions. The reaction of TNP-sulphonic acid with L-lysine provides a model that exhibits many of the difficulties inherent in the use of a chromophoric reagent for obtaining reliable information about the nature and number of nucleophilic groups in proteins. The biphasic semi-logarithmic plot of the reaction shown in Fig. 5 yields component reactions that together fit the experimental points reasonably well. Yet from Scheme 1 it is clear that the changes in extinction occurring during trinitrophenylation of L-lysine are much more complex than could have been adduced from anl examination of the curve. Further, the 'component reactions' shown in Fig. 5 reflect only approximately the trinitrophenylation of the c-and the ac-amino groups. The molar extinction changes shown in Scheme 1 were assigned by assuming typical values (for the initial reactions) for ac-and c-amino groups, and by subtraction of these values from the molar extinction coefficient found for L-lysine (Table 1) . A comparison of the apparent rates of reaction of the constituent a-and e-amino groups of L-lysine, with those of glycyl-L-lysine, ribonuclease T1, N-acetyl-L-lysine, and with the appropriate model oc-amino groups (Table 2), shows that the a-amino group reaction is faster than expected, whereas that 588 p 4-11a
with the E-amino group is slower. From Scheme 1 it follows that the rate ofchange in E420 at any given time will be given by:
where concentrations are expressed in units of 10-4 m. Assuming k, = k4 and k2 = k3 and that k, and k2 are not very greatly different in value it may be observed that: (1) the reaction of TNPsulphonic acid with L-lysine (whether with an Eor with an ac-amino group) will in the beginning
give a greater change in extinction for each reacting molecule of TNP-sulphonic acid than later. (2) The reaction of TNP-sulphonic acid with a monosubstituted derivative of L-lysine (k3 and k4) will cause a smaller change in extinction relative to the actual rate of trinitrophenylation. The early reactions therefoie will contribute to the appearance of a faster-reacting kinetic set than actually exists, whereas the later reactions will give the appearance of a lower rate of trinitrophenylation than that which is taking place. Extrapolation of the straight portion of the log (AEfinal -AE.) curve, as shown in The studies made here suggest that the requirements for accurate analytical data are stringent (cf. also Singer, 1967) . If a 'kinetic set' of reacting amino groups, derived from analysis of an experimental curve, is to correspond with specific amino groups in a protein, each amino group must react independently with the reagent and there must be no hypochromic or hyperchromic interactions. If reacting groups are buried within the protein, any changes in conformation that occur during trinitrophenylation, e.g. as a result of the introduction of hydrophobic TNP-groups, may easily increase or decrease the rate of reaction of TNP-sulphonic acid with other partly buried residues. Accurate quantitative analysis of experimental curves in such cases is almost certain to be impracticable, owing to the distribution of modified species at any given time. The 'kinetic sets' obtained by analysis of such curves cannot accurately correspond to groups in the protein.
The interpretation of absorption results should, therefore be cautious, and a reactive group that has been found by kinetic analysis ought if possible to be shown, by measurement at several values of pH, to change its rate of reaction in a way that is consistent with that group's possessing a fixed pK value (Figs. 7a and 7b ). If this cannot be done, characterization of the group by peptide mapping (Anderson & Perham, 1970; Hartley, 1970) or by another chemical means would seem necessary.
The concentration of sulphite (1 mM) used in procedure 2 was found not to affect the rate of reaction of TNP-sulphonic acid with simple amines. However, the cleavage of disulphide bridges by sulphite (Cecil & McPhee, 1955 ) is a possibility that should not be ignored. A simple check consists of a comparison of the results obtained in the presence of sulphite with the results from an experiment in which no sulphite ha-s been added. The value for total amino groups obtained by procedure 1, in which sulphite is added only after the reaction with reagent is complete is an approximate guide. However, sulphite cannot be entirely eliminated from the system as it is generated during the course of the reaction.
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